therapy and vaccines, requires a more lucid understanding of hostpathogen interactions. Epithelial cells of the gastric mucosa represent the first line of defense against H. pylori infection. Pathogen recognition receptors on gastric epithelial cells, including members of the Tolllike receptor (TLR) family, mediate responses to infection by triggering cell signaling pathways that lead to the induction of host defense genes, including those for inflammatory cytokines, antigen-presenting molecules, and costimulatory molecules. [6] [7] [8] Although H. pylori infection induces an immune response that contributes to chronic gastric inflammation, the response is frequently not sufficient to eliminate the bacterium. 9, 10 The severity of inflammation is highly variable in the host, and the factors determining severity or progression to peptic ulceration or malignancy are incompletely understood. Progression of disease from superficial gastritis to gastric cancer is however linked to the severity of the host inflammatory response. [11] [12] [13] Ten functional TLRs have been identified in humans to date. kinase) complex. 6, 7 The phosphorylated IKK complex in turn phosphorylates IĸBs, which are subsequently targeted for proteasomedependent degradation, thus releasing NF-ĸB to translocate from the cytoplasm to the nucleus to transcriptionally regulate genes with NF-ĸB-binding elements in their promoters. 6, 7 Activated TAK1 also induces the mitogen-activated protein kinase (MAPK) pathway leading to activation of the transcription factor AP-1. The TIR domaincontaining adaptor protein inducing IFN-β (TRIF, also known as TICAM1) is involved in the MyD88-independent TLR4 pathway, as well as the TLR3 pathway, mediating both NF-ĸB signaling and the induction of type I interferon through the activation of the IRF signaling pathway. 6, 7 Several TLRs have been implicated in the innate immune response to H. pylori. 11, [14] [15] [16] [17] [18] In particular, a key role for TLR2 has been described in the response to Helicobacter in multiple cell contexts. 11, 14, 17, [19] [20] [21] [22] [23] [24] Numerous H. pylori components have been suggested to trigger TLR2 signaling including HSP60, 25, 26 NapA, 9 the Cag pathogenicity island, 22 and urease. 24 Although there has been substantial investigation into the innate immune response to H. pylori lipopolysaccharide (LPS), there have been conflicting findings with regard to the TLR responsible for LPS recognition (recently reviewed 8, 18 ). Some studies have implicated the classic Gram-negative bacterial LPS receptor TLR4, 11, [27] [28] [29] [30] [31] while others have suggested a role for TLR2. 12, 17, [32] [33] [34] Our previous studies support a role for TLR2 in the recognition of LPS from both clinical isolates and reference strains of H. pylori in epithelial cells. 34 H. pylori LPS functioned as a classic TLR2 ligand by signaling through pathways involving MyD88, MAL, IRAK1, IRAK4, TRAF6, IKKβ, and IĸBα to activate NF-kB and transcription from the IL-8 promoter and induce expression of the chemokines CXCL1, CXCL2, CXCL3, and CCL20. 34 Emerging evidence suggests a key role for members of the Pellino family of proteins in modulating TLR signaling. 35 Pellino was first identified as a component of the Toll pathway in Drosophila melanogaster as a protein that associates with the serine/threonine kinase Pelle, the Drosophila homologue of IRAK. 36 Three mammalian Pellino isoforms (Pellino1, Pellino2, and Pellino3) were subsequently identified. [37] [38] [39] 
| METHODS

| Cell culture and reagents
Human embryonic kidney HEK-TLR2 (InvivoGen, Cayla, France) and HEK-Blue-TLR2 cells (Invivogen) were grown in MEM alpha medium (Gibco, Grand Island, NY, USA), supplemented with 10% FCS (Gibco), 2 mmol/L l-glutamine (Sigma-Aldrich, Poole, UK), 100 U/mL penicillin (Sigma-Aldrich), and 100 μg/mL streptomycin (Sigma-Aldrich).
The media for HEK-TLR2 and HEK-Blue-TLR2 were further supplemented with 10 μg/mL blasticidin (Invivogen) and 1× HEK-Blue Selection (Invivogen), respectively. MKN45 cells (Health Science
Research Resources Bank, Japan) were grown in RPMI 1640 medium (Gibco) supplemented with 10% FCS, 2 mmol/L l-glutamine, 100 U/ mL penicillin, and 100 μg/mL streptomycin. Pam 2 CSK 4 was from Invivogen. Stealth small interfering RNA (siRNA) for Pellino1, Pellino2, and Pellino3 and the nontargeting control were from Invitrogen (Paisley, UK). until processed for RNA isolation. The tissue samples were homogenized in TRI reagent (Sigma-Aldrich) and further purified using the RNeasy MinElute cleanup kit (Qiagen, Manchester, UK). 
| Patient samples
| Growth of H. pylori and Preparation of LPS
| Plasmids
Myc-tagged Pellino1, Pellino2, Pellino3L, and Pellino3S were expressed from pcDNA3.1/Zeo. 45 The NF-κB luciferase reporter construct contained three κB elements upstream of a minimal conalbumin promoter linked to the firefly luciferase gene. 50 The
Il8 gene promoter reporter construct contained the human Il8 Cells were harvested 8-hours poststimulation using 1× lysis buffer (Promega, Mannheim, Germany). Luciferase activity was determined from cell extracts by means of the Luciferase Assay System (Promega).
Luciferase levels were normalized after determining Renilla luciferase activity expressed from a pRL-TK vector (Promega), which was included in all transfections. NF-κB-driven secreted alkaline phos- 
| Immunoblot analysis
Whole cell lysates were prepared using cell lysis buffer ( Technology (Leiden, the Netherlands).
| Statistical analysis
Mean and standard deviation of triplicates are shown, and data are representative of at least 3 individual experiments. The Student's t-test was employed to compare treated vs control samples. The criterion for significance was a P value of <.05 for all comparisons. (Fig. 3C ).
| RESULTS
| Pellino1 increases TLR2-mediated NF-κB activity and chemokine induction in response to
| Pellino2 increases TLR2-mediated chemokine induction in response to H. pylori LPS
However, similar to the findings following Pellino1 overexpression, increased Pellino2 expression led to enhanced TLR2-mediated activation of the Il8 promoter (Fig. 3D ) and the Ccl20 promoter (Fig. 3E ).
Knockdown of endogenous Pellino2 expression by RNA interference (RNAi) resulted in an 80% decrease in Pellino2 mRNA expression ( 
NF-κB
Ccl20 (Fig. 4E ) promoter activity. These findings suggest that although Pellino2 does not play a role in H. pylori LPS-mediated NF-ĸB activation, it positively modulates Il8 and Ccl20 gene promoter activity.
| Pellino3 decreases TLR2-mediated NF-κB activity and chemokine induction in response to H. pylori LPS
Using similar gain-of-function and loss-of-function approaches to those described above, the role of both isoforms of Pellino3 in LPS to activate NF-kB (Fig. 7B ) and the Il8 (Fig. 7C) and Ccl20 
F I G U R E 5 Pellino3S overexpression inhibits H. pylori LPS-mediated activation of NF-ĸB and the
| Differential expression of Pellinos in Gastric epithelial cells and gastric tissue biopsies
Having characterized the role of individual Pellino family members during the TLR2-mediated response to H. pylori LPS using HEK-TLR2 cells, expression of Pellinos in the gastric epithelial cell line MKN45 and in gastric biopsy samples was investigated next. Pellino1 was the most abundantly expressed of the Pellinos in MKN45 cells ( Fig. 8A,B ; time 0 hour). Pellino2 and Pellino3 were also detected but expressed at a significantly lower level relative to Pellino1 (82% and 75%, respectively, Fig. 8A,B ; time 0 hour). Stimulation of MNK45 cells with H. pylori LPS (Fig. 8A) or infection with H. pylori (Fig. 8) resulted in a transient increase in Pellino1 mRNA expression. Neither Pellino2 nor Pellino3 expression was significantly altered in response to H. pylori LPS (Fig. 8A) or infection (Fig. 8B) .
In gastric biopsy tissue samples, expression of Pellino1 was the highest among the Pellinos, with an expression level of just 10% for Pellino3 relative to Pellino1 (Fig. 8C) . There was no significant difference in expression of Pellino proteins in biopsies isolated from H. pylori-negative individuals compared to those isolated from
H. pylori-infected patients with chronic gastritis (data not shown).
To confirm the functional roles of Pellino family members in response (Fig 8D) . Knockdown of either Pellino1
or Pellino2 expression led to decreased Il8 mRNA induction in response to H. pylori LPS (Fig. 8E) . In contrast, LPS-mediated Il8 expression was augmented in cells where Pellino3 was inhibited (Fig. 8E) . Taken together, these data indicated that the positive regulator of H. pylori LPS-mediated signaling, Pellino1, is highly expressed in gastric epithelial cells and gastric tissue relative to Pellino2 and in particular to the negative regulator Pellino3. In addition, both H. pylori infection and LPS have the ability to modulate Pellino1 expression by increasing its expression in gastric epithelial cells.
| DISCUSSION
Pellino proteins are emerging as key regulators of immune signaling pathways and mediators of infection, inflammation, and cancer (reviewed in 35, 49 ). Indeed, a recent study has highlighted the therapeutic potential for specifically targeting Pellino1 in experimental models of sepsis. 52 A number of functional roles for Pellino1 have been reported in terms of TLR signaling. Initially, using a variety of cell types from Pellino1-deficient mice, Pellino1 was shown to positively regulate TLR3-and TLR4-mediated NF-ĸB activation and Additionally, our studies extend this role by providing evidence that Pellino1 enhances NF-kB activation and induction of the Il8 and Ccl20 gene promoters in response to H. pylori LPS. Pellino1 was also necessary for optimal Il8 mRNA expression in human MKN45 gastric epithelial cells.
In terms of TLR signaling, the role of Pellino2 has been less well studied and a Pellino2-deficient mouse has not to date been generated. Ectopic expression of an antisense Pellino2 construct inhibited TLR4-mediated activation of Il8 promoter activity in mouse embryonic fibroblasts. 40 Inhibition of Pellino2 expression in the mouse macrophage cell line Raw 264.7 using siRNA led to decreased TLR4-mediated activation of an NF-kB luciferase reporter construct. 57 In the current study, we did not observe a role for Pellino2 in NF-ĸB activation with regard to TLR2-mediated signaling in response to either Pam 2 CSK 4 or H. pylori LPS using two separate NF-ĸB reporter assays. We did, however, observe a positive regulatory role for Pellino2 in TLR2- 44 and inhibition of Pellino2 expression attenuates TLR4-mediated activation of these kinases and the induction of proinflammatory cytokine genes. 62 As such, it is possible that Pellino2 regulates chemokine expression through pathways involving the MAPK axis of the TLR2-mediated response.
Pellino3 has been reported to modulate both TLR3 and TLR4 signaling. Studies involving Pellino3-deficient mice have elucidated a negative regulatory role for Pellino3 with respect to type I IFN regulation. While cells from the Pellino3-deficient mice were shown to respond normally to a range of TLR ligands with respect to the induction of proinflammatory genes and type I IFNs, Pellino3 deficiency led to enhanced TLR3-induced expression of IFN-β. 63 With regard to TLR4 signaling, a negative regulatory function for Pellino3 has been described whereby low-density lipoprotein inhibits TLR4-mediated IFN-β expression by activating Pellino3. 64 More recently, Pellino3 has been shown to negatively regulate TLR2-and TLR4-mediated cell signaling events in macrophages. 65 Here, we show a negative regulatory 
